The gastrointestinal barrier is constantly exposed to numerous environmental substrates that are foreign and potentially harmful. 
INTRODUCTION
The gastrointestinal (GI) barrier is constantly exposed to numerous environmental substrates that are foreign and potentially harmful, so-called xenobiotics. Toxic compounds can cause shifts in the intestinal microbiota composition, affect host innate and adaptive immune responses, disturb tissue integrity and impair regeneration. Several dysfunctions in xenobiotic recognition and metabolism have previously been implicated in the pathogenesis of inflammatory bowel diseases (IBD) [1] [2] [3] . To maintain mucosal homeostasis and prevent immunotoxic effects of xenobiotics, the GI barrier is equipped with a variety of detoxification mechanisms, including efflux transporters.
This Editorial focuses on recent insights into the ABCB1/MDR1 (multi-drug resistance) -encoded p-glycoprotein (p-gp), which represents the most investigated ATP-dependent efflux transporter pump of xenobiotics (including metabolic products, toxins and drugs) in the intestine, and its impact on IBD pathophysiology. Growing evidence implies that altered expression and function of ABCB1/MDR1 p-gp may contribute to the development and persistence of chronic intestinal inflammation in IBD. While decreased efflux function may mediate disease susceptibility and trigger drug toxicity, increased efflux activity may confer resistance to drug therapy in IBD.
sTRUCTURe aND FUNCTION
P-gp, cloned in 1985 [4] , was initially described as a control mechanism of drug permeation and release at the membrane surface of colchicine-resistant Chinese hamster ovary cells [5] . In humans, the drug transporter p-gp is encoded by the ABCB1/MDR1 gene (located on chromosome 7q21), while in rodents, p-gp is encoded by two genes, Abcb1a/Mdr1a and Abcb1b/Mdr1b. The N-terminal glycosylated protein consists of 1280 amino acids with a molecular mass of approximately 170 kDa. Murine p-gp shares 87% amino acid sequence identity with the human homologue [6] , which makes knockout (KO) mouse models useful to study.
The secondary structure of ABCB1/MDR1 p-gp contains two symmetrical halves of an ATP-binding domain (also known as "nucleotide binding domain") in the cytoplasm and a transmembrane domain with six hydrophobic α-helices, which are separated by a highly charged "linker region" [7, 8] . Its transport activity depends on energetic metabolism and ATP hydrolysis. Once a substrate gets captured within the internal cavity of p-gp, ATP binds to its domains which causes a large conformational change presenting the substrate und drug-binding site to the extracellular space [6] . Thus, p-gp efficiently detoxifies cells by exporting hundreds of chemically and pharmacologically unrelated substances, including many important IBD drugs, such as steroid hormones (glucocorticosteroids), immunosuppressive agents (cyclosporine, tacrolimus), antimetabolites (methotrexate) or antibiotics (levofloxacin), and metabolic products. In addition, p-gp may also be involved in the transmembrane transport of pro-inflammatory cytokines, such as interleukin (IL)-2 and interferon-gamma (IFN-γ) [9] , however, it remains to be shown how cytokine release could be directly regulated by p-gp signaling.
DIFFeReNTIaL ReGULaTION OF eXPRessION
The basal expression pattern of p-gp shows high inter-and also intraindividual variability along the GI tract, with a general increase from proximal to distal parts [10] . While ABCB1/MDR1 p-gp is constitutively expressed at the frontline of the mucosal barrier, i.e. at the apical pole of intestinal epithelial cells, it is also inducibly expressed by many other cell types (e.g. macrophages [11] and T cell subsets [12] ) in the lamina propria.
P-gp expression and function can be modulated by numerous exogenous and endogenous factorsbased on the activation state of the individual cell and influences of its surrounding environment. Innate and adaptive immune responses, oxidative or inflammatory stress, dietary antigens, gut microbiota and other environmental triggers may differentially influence host metabolic signaling and xenobiotic transport via p-gp in the intestinal mucosa. The human ABCB1/ MDR1 promoter region contains multiple transcription factor-binding sequences, including specificity protein 1 (Sp-1), activator protein 1 (AP-1), nuclear factor interleukin-6 (NF-IL-6), forkhead transcription factor (FKHR) or T-cell factor/lymphoid enhancer factor (TCF/ LEF), which points to complex regulation [13] . Upstream, the nuclear pregnane X receptor (PXR) may control convergence between xenobiotic detoxification and innate immunity by modulating transcription of p-gp as well as activation of (NACHT-, LRR-and PYD-containing Protein 3 (NLRP3) [14] and Toll-like receptor 4 (TLR4) signaling [15] . Downregulation of p-gp expression has been associated with acute intestinal inflammation, such as in the experimental mouse model of dextran sulphate sodium (DSS)-induced colitis [16] or in some patients with active ulcerative colitis (UC) [17] . Increased mucosal levels of tumor necrosis factor alpha (TNFα) in active IBD suppress gene transcription of ABCB1/MDR1 in intestinal epithelial cells, thus impairing xenobiotic efflux via p-gp [18] . Other major cytokines in IBD, such as IL-1ß or IL-6 [19] , may also interfere with p-gp expression and function. Interestingly, rifaximin, a non-absorbable antibiotic potentially beneficial for inducing remission in Crohn's disease (CD) [20] , may antagonize TNFα-induced inhibition of p-gp via PXR [21] . Varying levels of p-gp in the intestinal mucosa may also be attributed to circadian rhythms caused by clock gene products which -at least in partcontrol ABCB1/MDR1 gene expression [22] . Circadian expression of p-gp in the intestine may functionally affect the pharmacokinetics of its substrates, leading to temporal changes in intestinal absorption and excretion [23] . Of note, changes in the expression of several circadian genes have also been observed in active IBD [24] . Future research is needed to clarify the potential role of IBD-related circadian alterations in disturbing xenobiotic metabolism via p-gp.
MDR1a KO MOUse MODeL OF sPONTaNeOUs ChRONIC COLITIs
Mice deficient in MDR1A, first described by Dr. Alfred Schinkel in 1994, have initially been shown to be highly sensitive to the pesticide ivermectin and the chemotherapy drug vinblastine due to a blood-brain barrier defect [25] . Few years later, Dr. Jo Viney's group observed that MDR1A KO mice develop spontaneously chronic colitis that resembles human UC in several histopathological features [26, 27] . Since then, numerous reports have proven that MDR1A KO colitis provides a highly valuable murine IBD model for the study of intestinal epithelial barrier function [28, 29] , immunoregulation [30] [31] [32] , infectious co-triggers [33] [34] [35] , and novel therapeutic approaches [36, 37] . Typically, MDR1A KO pancolitis involves massive inflammatory thickening of the mucosa, increased crypt length with occasional abscesses, and goblet cell loss [26, 27] . MDR1A KO colitis is driven by aberrant Th1 cytokine responses, associated with increased numbers of infiltrating CD4+ and TCRαβ+ T cells to the lamina propria [26] and intraepithelial lymphocyte alterations [30] . Dr. Robin Lorenz' group has recently shown that MDR1A KO mice display decreased numbers of CD4+Foxp3+ regulatory T cells in intestinal lymphoid tissues prior to the onset of disease, implying a primary defect in mucosal immunoregulation in the context of MDR1A deficiency [32] . Based on the MDR1A KO colitis model, it has been proposed that mechanisms involving mucosal upregulation of p-gp expression and/or function could have therapeutic potential in ameliorating acute IBD. Examples of potential p-gp inducers are listed in [38] . In addition, administration of Keratinocyte Growth Factor 2 or probiotics leads to increased mucosal p-gp expression [39, 40] , which is associated with attenuation of acute intestinal inflammation [41, 42] . Future research must provide functional proof that upregulation of p-gp directly contributes to anti-inflammatory effects in the intestine.
INTeRPLay wITh GUT MICRObIOTa
The gut microbiome is involved in the pathogenesis of IBD. Tolerance to bacterial antigens is broken in active IBD and alterations in gut microbiota diversity contribute to inflammation and effector immune responses [43] . Several lines of evidence link gut microbiota and xenobiotic metabolism [44] via p-gp in the intestine.
Intestinal inflammation in MDR1A KO mice is commensal microbiota-dependent. MDR1A KO mice housed under germ-free conditions do not develop colitis [28] and oral antibiotic treatment significantly ameliorates disease [26, 36] . Although commensal-mediated spontaneous colitis of MDR1A KO is not transmissible to wild-type animals [26] , disease is exacerbated by infection with various pathogens, including bacteria (e.g., Helicobacter bilis [33] ), viruses (e.g., murine norovirus [35] ) or parasites (e.g., Trichuris muris [45] ). Animal feed, often contaminated by bacterial antigens [46] , may also aggravate intestinal inflammation in MDR1A KO mice [47] . Intestinal p-gp limits bacterial invasion and dissemination. For instance, overexpression of p-gp in intestinal epithelial cells leads to increased resistance to Listeria monocytogenes or Salmonella typhimurium infection [48, 49] , while mice deficient in MDR1A exhibit enhanced burden of Listeria monocytogenes as compared to wildtype after infection [48] . But it remains unclear whether p-gp is capable of directly expelling virulence factors and toxins of bacterial pathogens from host cells. Signaling via p-gp might also fight infection by activating distinct immune processes, such as inducing production of type Ⅰ interferon in response to Listeria monocytogenes [50] . Dysbiosis precedes the onset of overt colonic inflammation in MDR1A KO mice [51] , allowing certain, yet unknown, microbial species to colonize and expand. Lack of p-gp causes intestinal epithelial cell and barrier defects [28, 29, 52] , leading to increased permeability and bacterial translocation which may induce excessive innate immune activation in the underlying lamina propria. Enhanced lipopolysaccharide signaling via MD-2/TLR4 in the intestinal mucosa seems to be required for perpetuation of colitis in MDR1A KO mice [36] . It remains to be tested whether genetic deficiency of MDR1A primarily determines changes in the microbial composition, or rather secondarily subverts the host innate immune response for creating an aberrant mucosal microenvironment that favours microbial misrecognition and shifts. One may also speculate that impaired efflux pump activity in MDR1A deficiency could lower the threshold for dysbiosis and pro-inflammatory conditions by accumulation of harmful xenobiotic compounds and metabolites in the intestinal mucosa. Xenobiotics and their metabolites may shape the complex dynamics of the gut microbiome [53] by providing substrates for selective growth of certain bacterial species, modulating gene expression [54] , breaking microbial tolerance and triggering immune hypersensitivity to otherwise harmless commensals in the intestinal mucosa. Future studies must identify unremoved xenobiotic metabolites in intestinal MDR1A deficiency, examine their environmental effects on the microbiome and the mucosal immune system and analyse how they may contribute to colitis development.
Conversely, gut microbiota may directly affect host xenobiotic metabolism and detoxification by modifying p-gp signaling in the intestinal mucosa [53] . For instance, pathogenic Salmonella typhimurium dampens p-gp expression in intestinal epithelial cells [49] . So far, it is unclear which virulence factors or components of Salmonella typhimurium may be involved in impairing host p-gp function [55] . On the other hand, commensal Lactobacilli strains are capable of stimulating p-gp expression via the involvement of c-Fos/c-Jun in intestinal epithelial cells [40, 56] . It is likely that this effect is mediated by TLR2 activation, as TLR2 signaling, which is induced by Lactobacillus [57, 58] , modulates ABCB1/ MDR1-encoded p-gp synthesis and efflux function in intestinal cells [59] . Interestingly, deletion of TLR2 causes fulminant exacerbation of pancolitis in the context of MDR1A deficiency [36] . TLR2/MDR1A double KO intestinal myeloid cells hyperrespond to non-pathogenic Escherichia coli with excessive cellular stress, including increased reactive oxygen species generation, associated lysosomal damage and caspase-1-dependent IL-1ß production, leading to pyroptosis -a form of microbial-induced pro-inflammatory cell death [36] .
Blockade of IL-1β activity by treatment with IL-1R antagonist (anakinra) inhibits colitis acceleration in TLR2/MDR1A double deficiency [36] . These data uncover an unexpected combinatory function between host innate immunity (TLR2) and xenobiotic metabolism (MDR1A) in controlling antimicrobial host defence in the lamina propria.
Taken together, xenobiotic metabolism via p-gp is tightly intertwined in a multi-dimensional network with the gut microbiota and the host innate immune system. But several questions arise from these results which remain to be answered, e.g., What commensal community (if any) is responsible for driving murine colitis in the context of MDR1A deficiency? Does MDR1A deficiency sensitize otherwise tolerogenic mucosal immune cells to specific microbial ligands and/or xenobiotics? How do bioactive microbial metabolites modulate xenobiotic signaling via p-gp? Do xenobiotic compounds directly activate TLR (and other innate immune) signaling pathways to control p-gp activity? How is p-gp-mediated transport involved in microbial efflux from host cells?
GeNe VaRIaNTs assOCIaTeD wITh IbD
Several studies have evaluated the potential association of human ABCB1 gene polymorphisms with IBD susceptibility. The ABCB1/MDR1 single nucleotide polymorphism C3435T, which has been correlated with lower expression of p-gp in the intestine [60] , was found in patients with extensive UC in some populations [61] [62] [63] [64] , but not all [65] [66] [67] [68] . Two meta-analyses [69, 70] did not help to resolve this apparent contradiction, as they produced conflicting results as well. Using a robust gene-wide "block-free" haplotype tagging approach, Dr. Jack Satsangi's group previously identified six SNPs in the ABCB1/MDR1 gene which were significantly associated with UC, but not CD, in their cohort [62] . In addition, a significant association of Ala893Ser/Thr (G2677) with IBD was shown in a large, multicentre North American study [71] . However, none of these ABCB1/MDR1 gene variants were captured as major hits by the recent genome-wide screens in UC (personal communication, Dr. Judy Cho). These contrasting results may reflect differences in the populations studied. It is possible that certain ABCB1/MDR1 gene associations may only be clearly detectable in refined case cohorts with distinct IBD sub-phenotypes.
So far, detailed studies examining the effects of these putative causal variants on gene function are missing in IBD. Based on the findings from the MDR1A KO colitis model, future studies will need to determine whether these variations in the ABCB1/MDR1 gene may indeed alter xenobiotic metabolism, innate immune responses and host-commensal interactions in the human intestine. It must be clarified mechanistically how human ABCB1/MDR1 gene defects may influence detoxification, antimicrobial defences and commensal composition.
ResIsTaNCe TO IbD TheRaPy
Enhanced multidrug resistance via p-gp may limit the individual drug response. Several drugs central to IBD therapy represent p-gp substrates, including glucocorticoids [72] or cyclosporine [73] . Elevated p-gp expression levels have been shown in peripheral blood lymphocytes of those IBD patients who fail therapy with glucocorticoids [74] . High-dose administration of glucocorticoids may result in increased expression of ABCB1/MDR1 mRNA in patients with UC [75] . Recently a human pathogenic Th17-cell subset which stably expresses p-gp was identified in patients with CD. These MDR1+-Th17 cells were refractory to different glucocorticosteroids [12] , thus likely contributing to steroid-resistant chronic inflammation in IBD. Reversely, inhibition of p-gp significantly increases intracellular cortisol and cyclosporine levels in vitro, implying a potential target approach for overcoming the poor response to immunosuppressant therapy in refractory IBD [76] . However, in vivo proof remains so Cario E. P-glycoprotein in IBD far lacking. Three generations of inhibitors of p-gp have largely failed to demonstrate any improvement in therapeutic efficacy in other clinical settings [77] . Future research will need to show whether the design of novel p-gp inhibitors, e.g., based on recent advances in phytochemistry [78] , would help overcome drug resistance in IBD.
CONCLUsION aND FUTURe

PeRsPeCTIVe
It has become evident that gut microbiota and host innate immunity interact in a multi-dimensional network that controls xenobiotic metabolism to maintain normal mucosal homeostasis in the intestine. Imbalanced host-bacterial interactions may alter xenobiotic metabolism via ABCB1/MDR1 p-gp, contributing to intestinal inflammatory processes, drug toxicity and resistance development in IBD (Figure 1) .
Novel, large-scale approaches, including in-silico and complex computational tools [79] , are now needed to provide in-depth elucidation of the possible pathways through which the gut microbiota may modify xenobiotics and vice versa as well as their combined metabolic effects via ABCB1/MDR1 p-gp (and other transporters) on host immunity and functions in IBD pathogenesis.
The potential therapeutic value of ABCB1/MDR1 p-gp as a molecular target requires further clarification in IBD. But it is clear that any p-gp targeting will become a delicate balancing act. Its ambivalent effects will make treatment development difficult. Future research will need to look at different therapeutic approaches, either to activate "underactive" p-gp in order to attenuate acute inflammation or to inactivate "overactive" p-gp in order to overcome therapy resistance. 
ReFeReNCes
